The literature of radiation damage measurements on cadmium zinc telluride (CZT), cadmium telluride (CT), and mercuric iodide (Hg12) is reviewed and supplemented in the case of CZT by new alpha particle data. CZT strip detectors exposed to intermediate energy (1 .3 MeV) proton fluences exhibit increased interstrip leakage after 1O'° p/cm2 and significant bulk leakage after 1012 p/cm2. CZT exposed to 200 MeV protons shows a two-fold loss in energy resolution after a fluence of 5x109 p/cm2 in thick (3 mm) planar devices but little effect in 2 mm devices. No energy resolution effects were noted from moderated fission spectrum neutrons after fluences up to 1010 n/cm2, although activation was evident. Exposures of CZT to 5 MeV alpha particle at fluences up to 1.5x10'° a/cm2 produced a near linear decrease in peak position with fluence and increases in FWHM beginning at about 7.5x109 aicm2.
INTRODUCTION
The well documented radiation damage in cryogenic germanium and silicon detectors (refs. 1 , 2) at relatively modest charge particle fluences has prompted interest in the response of the room temperature semiconductor materials now under development. Radiation damage in semiconductor detectors is manifest in a number of ways including degradation of energy resolution, leakage current, and peak position. Depending on the elemental constituents, activation may also occur in the case of neutron exposures. Exposure parameters affecting the response of materials to radiation fields include the fluence level, flux, incident energy, detector bias, and detector temperature. In addition to the base constituents, trace contaminants as well as detector dimension can also affect radiation response.
In the case of cryogenic silicon, significant energy resolution losses occur at about 1012n/cm2 (ref.1) with leakage current and pulse height changes after 5x10" protons/cm'2. Planar germanium detectors exhibit significant resolution losses after n/cm2. Coaxial (n-type) are appreciably more resistant to neutrons than p-type (ref. 2) . Coaxial (p-type) germanium detectors begin to show resolution losses at about 2x107 p/cm2 while in n-type coaxial (reverse electrodes) detectors; resolution losses appear at about 2x108 p/cm2. Despite the susceptibility of germanium to radiation damage, thermal annealing methods have been developed to mitigate, if not reverse, the symptoms of high fluence exposures.
In this paper we report the results of a survey of radiation damage studies in the room temperature semiconductor materials: cadmium zinc telluride (CZT), cadmium telluride (CT), and mercuric iodide (Hg12). Additionally, we report new 5 MeV alpha particle data on CZT including x response maps showing material inhomogeneities. Also included are damage studies on Peltier-cooled PIN-silicon detectors that are gaining use as x-ray spectrometers and particle counters.
METHODS
Survey data were obtained through a literature search using the computer databases INSPEC, and CALPLUS together with DOE archives. In all, more than 300 abstracts were reviewed. The review was confined to the materials cadmium zinc telluride (CZT), cadmium telluride (CT), and mercuric iodide (Hg12), the most promising of the wide-band gap materials now under development.
Alpha particle exposures were made with He 2+ ions from the Sandia Tandem Van de Graaff. The flux was maintained at 2.8x107 aicm2-sec and measured by means of a scalar connected to the output of the detector under test. The beam spot size was 1 micron diameter. Exposures were made in vacuum and carried out by scanning the beam over the surface of the detector. This procedure provided both effect data as well as homogeneity maps of the detector surface. Gross positioning was accomplished with a remotely adjusted x-y stage; fine adjustments, over a 250 micron by 250 micron area, were made with the accelerator's beam handling system.
RESULTS
The radiation effect reported most frequently was the change in energy resolution although changes in the leakage current and peak position shifts were sometimes cited. Energy resolution (LE) was determined in most cases by recording the spectrum of a monochromatic photon or alpha particle before and after exposure. Detector energy resolution is reported here in terms of the full width of a given spectral line at its half intensity point (FWHM). In general, neither the detector bias conditions nor the detector temperature were reported. Where available, this information is noted in this report. The results including the recently obtained a particle data are summarized in Tables 1-3.
MERCURIC IODIDE
The results of this investigation are summarized in Table 1 . Proton exposures at 10, 10.7, 33, and 1500 MeV have been reported at fluences ranging from 1.2 x 108 protons/cm2 (1500 MeV) to 1012 protons/cm2 (10.7 MeV). Also reported were 8 MeV neutron exposures at fluences up to 1015 n/cm2. 
CADMIUM TELLURIDE
Damage studies were found for proton, neutron, and photon irradiations. The results are summarized in Table 2 . Proton exposures at 33 MeV were made on chlorine and indium-doped material (ref. 5). This energy was selected so that the beam passed through the thickest samples (2.8 mm) and thus contributed no Bragg peak in the test samples. In chlorine-doped samples, the energy resolution in 59.5 and 122 KeY peaks degraded sharply after about 3 x iO protons/cm2. There was some evidence of a slight resolution improvement at lower fluences. Evidence of a detector thickness dependence in the resolution response was also noted. While quantitative data were not obtained for the single indium-doped device tested, the data suggest a higher degree of radiation resistance than with the chlorine-doped material. Neutron irradiations were reported at a mean energy of about 3 MeV (ref. 7). Significant reductions in energy resolution were reported after about 5x10'° n/cm2 in 5.5 MeV alpha spectra using a flux of 108 n/cm2-s. Photon irradiations were reported using Co-60 (1. 17 and 1 .33 MeV)
with the resolution monitored at 662 and 59.6 KeV (ref. 8). Marked changes in peak shape were reported at both energies after exposure of several times iO R. No data were found at intermediate and low exposure levels. 
CADMIUM ZINC TELLURIDE
Radiation damage studies on CZT have been carried out with protons (1 .3 and 200 MeV) and neutrons (moderated fission spectrum). The results of these studies are shown in Table 3 . In a single detector with 1.3 MeV protons, the bulk leakage was found to increase significantly after 1012 p/cm2 in a single unbiased lOxlOx2 mm strip detector (ref. 9). The interstrip leakage increased significantly after about 1010 p/cm2. No energy resolution data were reported.
Considerable work has been reported in the region of 200 MeV. In one study (ref. 10) 2 and 3 mm thick planar detectors were irradiated with up to 5x109 p/cm2 and resolution losses were found in the thicker devices (3 mm). The initial (unirradiated) FWHM values at 59.6and 122 KeV of 3.2 KeV and 3.9 KeV, respectively, degraded to 4.1 and 4.3 after i0 p/cm2 and to 6.2 and 9.2 KeV after 5x109 p/cm2. The thinner device (2 mm) showed no degradation at either energy after like exposures, however. A downward shift in peak channel with increasing fluence was reported for both thick and thin detectors. The degradation in energy resolution is attributed to radiation induced electron trapping.
In a similar study, (ref. 9), both strip and planar detectors were exposed to 200 MeV protons. The strip detectors (15x15x2 mm3) were exposed under bias to fluences from 108 to 5x109 p/cmL. A small gain shift (3 percent) was noted after a fluence Planar detection --NoAE effects up to 1010 n/cm2 --Measurable E loss @ 1011 n/cm2 --Activation emission (y) at 1010 n/cm2 linear decrease in peak position with exposure beginning at 2.5x 10 a/cm2
Alpha/5 MeV E increases by 60% at 1.5x10'° a/cm2
The results of this review were supplemented with alpha particle irradiations. The exposures were made with 5 MeY He2 ions produced in the Sandia Tandem van de Graaff and made on a single 3x3x2 mm CZT detector. The exposures were in vacuum over the region from 2.5x109 a/cm2 to 1.5x10'° cc/cm2 by scanning the 1 micron diameter beam spot over the surface of the detector. The flux was maintained at approximately 2.8x107 ct/cm2-sec by monitoring a scalar connected to the output of the detector. Alpha particle spectra obtained by integrating the pulses from a small irradiated area are shown in Figure 1 . Plots of the resultant FWHM and the peak position are shown in Figure 2 . The data of Figure 2 show a near linear decrease in the peak position with fluence. The FWHM, after decreasing initially, increases by more than 60 percent after an exposure of 1 .5x10'° a/cm2. Variation in the response of the detector as measured by the a counts recorded as the detector was scanned is shown in Figure 3 . One notes a number of non-responding elements distributed through the sample including a band in the lower left. The cause of this effect is currently under investigation.
PIN-SILICON
Radiation damage to PIN silicon devices can arise from both bulk and surface phenomena. In the former, the displacement of lattice atoms through interactions with the incident radiation leads to the formation of generation and recombination centers. In the latter case the formation of electron-hole pairs in the SiC)2 near the silicon /SiO2 interface can cause increased surface leakage.
The primary symptom of radiation damage in PIN silicon is increased leakage current. This is generally linear with the fluence so it is possible to describe the leakage in terms of a leakage current or damage coefficient, a, defined as a= =J/q:
where I is the radiation induced leakage, V the detector volume, J the current density, and 4 the fluence. In principle this allows the effects of various radiations and detector geometries to be compared.
In this section we summarize damage studies from electron, photon, neutron, proton and alpha particle exposures. The results are summarized in Table 4. 7.1. Electron Exposure PIN -silicon detectors have been exposed to Sr9° 3 radiation (average energy, 1 MeV) and 500 MeV electrons (ref. 12). It is notable that the leakage coefficient for the low energy radiation was 1.3 x 1020A/cm compared with 1.1x107 A/cm for the 500 MeV radiation. This latter value is comparable to that found for protons and neutrons. No difference was found between biased and unbiased exposure conditions or between forward and reverse bias. High fluxes of slow electrons ( 100 KeV) caused excessive leakage in small PIN-silicon spectrometers. The effect was attributed to electron-hole pair production in the Si02 layer adjacent to the silicon (ref. 13).
Gamma Ray exposures
Exposures to Cs'37 gamma rays (E= 662 KeV) to doses of 5x103 Gy have been reported with the leakage linear with dose (ref. 14) . Leakage increased by a factor of 5-10 for bias voltages below 1OV and in the range 2-3 for greater than 10 V (after doses of5xlO3 Gy).
Neutron Exposures
Damage studies from neutrons in the region at 1 MeV to fluences up to 2.5x1014 n/cm2 (refs. 15, 16, 17) have been reported. Leakage coefficients in the region of 6. 1 to 8. lx 1 0 17 A/cm were reported (ref. 15 ). Increases of 3 orders of magnitude over the pre-radiation values were found. Type inversion (n to p) was also found together will an increase (with fluence) in the voltage where the diode reaches the current limit (ref. 16). The damage was attributed to the formation of defect levels in the band gap, which induce relaxation behavior in the material.
Proton Exposures
Proton exposures to fluences up to 2.5x10'4 p/cm2 at energies of 800 MeV, 12 GeV and 24 GeV have been reported (refs. 17, 18, 19 No difference was found between biased and unbiased exposure conditions. One notes that these a values are roughly of the I MeV neutron values. The damage is interpreted as due to effects in the bulk material.
Alpha Particle Exposures
Exposures to alpha particles from Am241 (5.49 MeV) and Ra226 (4.78 MeV) have been reported. The induced leakage current was linear with fluence. The leakage coefficient for the higher energy Am241 radiation was 9.3x1O6 A/cm and 1 .3xlff'5A/cm for the Ra226 alphas1. The damage is attributed tovacancies generated in the bulk material. The radiation susceptibility of CZT is also in question. There is evidence of resolution degradation from 200 MeV protons beginning in the region of iO p/cm2 as well as a downward shift in peak channel proportional to the proton fluence. However, the resolution degradation was apparent only in a 3 mm thick device and not a 2 mm detector. There is also evidence that the resolution degradation is dependent on bias conditions although this is based on the results from a single detector. Detector response changes following high-energy proton irradiation are consistent with increased electron trapping and the associated decreases in the mobility-lifetime product. With intermediate energy protons (1 .3 MeV), bulk and interstrip leakage was evident but only at high fluence levels. Damage for moderated fission neutrons is evident only after 1010 n/cm2. Neutron activation lines from cadmium and tellurium isotopes appear above 1010n/cm2. It is interesting to note that annealing at room temperature was very effective in restoring resolution losses. Resolution degradation and the downward trend in peak position from 5 MeV c particles, while based on single detector are generally consistent with proton data.
As expected, the damage to PIN silicon has been more fully investigated. The leakage current is linear with flux and in most cases attributable to bulk effects. The damage appears to be independent of whether the detector was biased or not (during exposure) and there is evidence of an independence of bias polarity.
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